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Abstract 
The high temperature notched fatigue strength of the CMSX-4 single crystal superalloy has been experimentally 
investigated. Notched specimens with orientation <001> have been tested at 950°C in load control in the LCF life 
regime. SEM observations of the failed specimens has been made in order to associate the actual crack initiation 
location in the notch to the crystallographic orientation and to the critical location in the notch as given by suitable 
multiaxial fatigue parameters. In order to model the material behavior in the notch, stress-strain analysis of the 
notched specimens was performed by an elastic-plastic FEM procedure; the parameters describing the material 
behavior of the single crystal superalloy have been identified by comparison with experimentally determined stress-
strain fatigue behavior of smooth specimens. A suitable model for the assessment of the fatigue life of single crystal 
materials is proposed for the purpose of application to the design of turbine engines components. 
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1. Introduction 
In gas turbine engines for aerospace propulsion, the assessment of the fatigue damage mechanisms due 
to the low cycle fatigue (due to ground-air-ground major engine cycling) are of paramount importance for 
the assessment of the structural integrity of the critical components [1-3]. At high gas temperatures, 
several issues are critical to turbine engine performance, blade life, and structural integrity. Gas turbine 
rotor blades are subjected to very high levels of stress and temperature during each engine operating 
cycle. Accurate prediction tools are required for the safe design of gas turbine blades. For this purpose, 
within the frame of the experimental activities of the European Research Project named PREMECCY 
(Predictive Methods for the Combined Cycle Fatigue in Gas Turbine Blades) aimed at developing new 
 
* Corresponding author. Tel.: +39-02-2399-8220; fax: +39-02-2399-8202. 
E-mail address: mauro.filippini@polimi.it. 
doi:10.1016/j.proeng.2011.04.618
Procedia Engineering 10 (2011) 3787–3792
Available online at www.sciencedirect.com
1877-7058 © 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of RMIT University 
Open access under CC BY-NC-ND license.
3788  Mauro Filippini / Procedia Engineering 10 (2011) 3787–3792
and improved fatigue life prediction methods for use in the design process, the high temperature notched 
fatigue strength of the CMSX-4 single crystal superalloy has been experimentally investigated. Notched 
specimens with theoretical stress concentration factor Kt=2.15 and with crystal orientation <001> have 
been tested at 950°C in load control in the low-cycle fatigue (LCF) life regime.  
The aim of this paper is to show how the actual failure (crack initiation) location information can be 
used to select multiaxial fatigue damage parameters suitable for life predictions. In order to model the 
material behavior in the notch, stress-strain analysis of the notched specimens was performed by a non-
linear FEM procedure. The parameters describing the material behavior of the single crystal superalloy 
CMSX-4 at 950 °C have been identified by comparison with experimentally determined stress-strain 
cyclic behavior of smooth specimens. The aim of this work is to assess the validity of simplified damage 
models for the prediction of fatigue life in the LCF regime suitable for the purpose of the design of 
turbine engines components.  
2. Material and methods 
2.1. Material and specimens 
Single crystal Ni-base superalloys are commonly employed for use as high temperature creep and 
oxidation resistant blade alloys in the HP stages of modern gas turbine aero-engines [3]. The superior 
high temperature creep properties of the CMSX-4 superalloy are due to its microstructure, consisting of 
70% volume fraction of coherent, cuboidal ´-precipitates in a matrix of solid solution strengthened -
phase [3-5]. The chemical composition of the CMSX-4 material is given in Tab. 1. Material for the 
production of the test specimens has been produced in the form of bars by investment casting under 
vacuum, followed by full heat treatment. The axes of all rods were shown to lie within 12° of <001>. 
Table 1. Chemical composition of the CMSX-4 superalloy (nominal values, weight %) 
Element Co Ta Cr W Al Re Ti Mo Hf Ni 
Weight, % 9.6 6.5 6.5 6.4 5.6 3.0 1.0 0.6 0.1 bal. 
 
The notched specimens for the creep-fatigue tests have been designed with a (nominal) stress 
concentration factor Kt=2.15 (i.e. evaluated as in the case of isotropic material). The shape and 
dimensions of the notched specimens are shown in Fig. 1.  
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Fig. 1 Shape and dimensions of the notched specimens employed for the load controlled LCF tests. 
2.2. High temperature fatigue testing 
Fatigue tests with notched specimens have been conducted at the Laboratories of the Dipartimento di 
Meccanica, Politecnico di Milano, by employing a servo-hydraulic MTS 810 ±100 kN load capacity test 
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machine, equipped with a Hüttinger type induction heating furnace. Prior to fatigue tests, a thermal set-up 
activity has been conducted with dummy specimens. Pure LCF fatigue tests have been carried out at the 
temperature of 950 °C in load control with a triangular wave shape with a frequency of 0.5 s-1, i.e. with l s 
loading followed by 1 s unloading, with a loading ratio R=Fmin/Fmax=0.  
3. Test results 
Under the aforementioned conditions, 9 LCF load controlled tests has been carried out. The different 
nominal (net) stress ranges applied in the pure LCF tests have been chosen so that the range of fatigue 
lives between 104 and 105 cycles could be explored. The results of the high temperature fatigue tests with 
notched specimens are shown in Fig. 3. However, due to confidentiality issues set by the project 
consortium agreement, experimental results are presented here in normalized form or, when needed, by 
omitting the indication of the unit labels. After the test, all the specimens have been analyzed in the SEM 
to identify the position of the failure initiation site with respect to the notch root and with respect to the 
secondary crystallographic orientation of the material. 
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Fig. 2 LCF fatigue test results with <001> notched specimens at 950 °C (a). An example of SEM picture of the fracture surfaces (b). 
It has been observed that failure initiation sites aren’t located at the notch root in correspondence of the 
minimum net section area but in a position away from the specimen’s notch root. The mean values of the 
measurements of the distance of the failure initiation site from the notch root is about 0.30 mm. This 
observation, in agreement with the work of other researchers [6], needs to find a validation by the 
application of damage models based on the local concepts, that may demonstrate that the most critical 
conditions in the notch region are found in positions different from the notch minimum cross-section [7]. 
In the SEM analysis of fracture surfaces, it has been observed that the single failure initiation site is 
located almost perpendicularly to the crack propagation front line and one dominant crack brings the 
specimen to failure, Fig. 2(b). A metallographic analysis on the failed specimens revealing the orientation 
of the SX material has shown that the failure initiation sites are located in exact correspondence and 
closely oriented at 0° with reference to the secondary crystal orientation of the SX cubic FCC structure. 
4. Modeling single crystal material behavior 
One of the most successful models to simulate the anisotropic behavior of single crystal materials is 
the Cailletaud model [8]. This model uses a crystallographic approach, involving the viscoplastic 
constitutive equations and isotropic and kinematic hardening variables of the material [9]. This type of 
model provide a detailed and quantified assessment of material behavior at a microscopic level when 
subjected to specific conditions of loading and environment. The Cailletaud model [8,9] assumes that 
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plastic strain is caused by plastic slip on slip systems. In the case of FCC single crystal materials like the 
CMSX-4 superalloy, the octahedral slip and the cubic slip systems are of interest. Each system will have 
its own material parameters that need to be identified by matching the model response with selected 
experimental results. The elasto-visco-plastic material model was employed using the multi potential 
constitutive equations to represent CMSX-4 behavior at 950°C, as implemented in the Z-mat/Z-set 
material library [10-12].  
Material parameters were determined by comparisons between numerical simulation results, based on 
the material constitutive equations [13], and real experimental data of tensile tests, strain controlled LCF 
tests and stress relaxation tests at 950°C on smooth specimens <001>, [14,15]. Tensile, and stabilized 
stress-strain hysteresis loops obtained by means of strain controlled LCF tests with plain specimens along 
<111> crystallographic direction for CMSX-4 superalloy at 950°C have been taken from the 
literature [16-18]. As an example, in Fig. 3 it is shown the comparison between the experimental tests and 
the behavior predicted by the material model in the case of strain controlled tests in the <001> 
crystallographic direction.  
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Fig. 3 Comparison between experimental tests on CMSX-4 at 950°C and simulation of material behavior: strain controlled LCF 
tests on plain specimens (orientation <001>). 
5. Simulation of notched specimens 
Once a complete set of parameters for the anisotropic (cubic) elasticity have been identified, and the 
visco-plastic model parameters for both octahedral and cubic slip systems have been obtained for the 
temperature of 950 °C, the material behavior has been implemented in the Z-mat interface [11,13] to the 
ABAQUS FEA code. By modeling the notched specimen, the response to triangular waveform cycles of 
LCF tests was simulated to evaluate stress-strain behavior inside the notch, Fig 4.a. From the analysis of 
the stress state in the notch it can be seen that the maximum value of von Mises equivalent stress is 
located in a position away from the center of the specimen and it is oriented at 0° respect to one of the 
reference axis of the cubic material. It must be noted that its calculated position is coincident with that of 
the failure initiation site as observed in the SEM. One of the main objectives in the development of a 
suitable fatigue damage parameter is to ensure the transferability of fatigue test results obtained with 
simple plain specimens to more complicated stress-strain conditions, either due to the presence of notches 
or introduced in a mechanical component by multiaxial loading.  
The damage parameters considered here are the range (in a cycle) of von Mises equivalent stress vM 
as given by: 
 vM
* = 11
2 +  22
2 +  33
2  11 22  11 33   22 33 + 3 12
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Fig. 4 Fatigue critical point according to the Mises effective stress distribution in the notch region after cyclic loading simulation (a). 
Distribution of the damage parameters at the notch surface: max range of Mises stress vM (b); max range of resolved shear stress 
on crystallographic planes max (c). 
and the range of the maximum value of shear stress max between those identified on the slip planes  of 
an FCC cubic symmetry material: 
max = max
(s)
max
t
 (s) t( )min
t
 (s) t( )( )   (2) 
These quantities were calculated on whole notch surface as shown in Fig. 4. 
So, in agreement with experimental observations of fracture surfaces, for each of the experimental data 
point, the values of parameter max calculated in the point where the maximum value of von Mises stress 
range was located were taken into account. In Fig. 4(c) it can be observed that in this point max doesn’t 
assume the maximum value on the notch surface. Then, these fatigue damage parameters were used to 
compare the results of load controlled LCF tests at R=0 on notched specimens and strain controlled LCF 
tests at R=min/max=0 on smooth specimens [14]. By calculating the maximum range of the resolved 
shear stress max in the point where the maximum value of von Mises stress range (vM) is achieved, 
experimental results of LCF tests on notched and smooth specimens fall on the same curve, Fig. 5. 
This outstandingly good agreement between the strain controlled LCF tests and the load controlled 
notched LCF tests, once they are interpreted with the correct fatigue damage parameter, is a consequence 
of the fact that the fatigue damage in single crystal materials is mainly governed by slip and thus the 
range of resolved shear stress must be considered as a valid tool for predicting the fatigue life of notched 
components by using tests data obtained from strain controlled LCF tests with plain specimens.  
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Fig. 5 Comparison between strain controlled LCF tests with plain specimens and load controlled LCF tests with notched specimens 
of CMSX-4 at 950°C: damage parameter is calculated as the maximum range of resolved shear stress on crystallographic planes 
max in the position of maximum von Mises stress vM. 
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6. Conclusions 
Fatigue life behavior of CMSX-4 single crystal superalloy in presence of notches has been explored 
from both the experimental and the numerical simulation point of view. Fatigue failure is controlled by 
both the geometry of the notch and by the microstructure of FCC single crystal materials. On the basis of 
the stress-strain behavior of the material in the notch, a suitable fatigue damage parameter has been 
clearly identified: the maximum range of resolved shear stress on the crystallographic planes allows the 
transferability of tests results from plain specimen data to notched specimen data. At the same time, 
indication of likely position of crack initiation is given by a “companion” fatigue parameter. Even though 
new experimental results may be needed to enhance the model, the proposed model may considered for 
the application in a design environment for the assessment of structural integrity of components. 
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